abnormalities found on MR images. Because no single method can be used to diagnose OAD with certainty, any method that had led to the positive identification of OAD in a given patient was included in the analysis. 16, 26, 27 Additionally as most of the patients in the study (28 of 33) were seen after 2000, the imaging protocol in all cases was similar. Screening radiographs were initially obtained in the emergency department and thin-cut (2.5-mm) CT scans of the cervical spine were immediately acquired thereafter. If needed, MR imaging was performed. All patients underwent CT scanning and most (23 of 33) underwent MR imaging as well. In those who did not undergo MR imaging grossly abnormal findings had been revealed on CT scanning. In patients with normal CT findings and abnormal MR imaging findings, the diagnosis of OAD was based on the presence of significant abnormal signal in the occipital condyle-atlantal lateral mass joint capsule or posterior ligamentous structures such as the posterior atlantooccipital membrane and ligamentum nuchae.
To be included in the analysis, each patient had to have had sustainable vital signs on admission and to have remained stable enough during their hospitalization for a treatment plan to be made. Once OAD was suspected, 18 of the 33 patients were immediately fitted with a halo orthosis for stabilization until definitive treatment was decided. The remaining patients were placed in sandbag immobilization.
Thirty-three patients (mean age 21.1 years, range 1-55 years; Table 1 ) met these criteria. Their in-and outpatient charts were reviewed to identify clinical presentation, treatment, and outcome. Special attention was given to imaging factors that dictated treatment and clinical factors that predicted outcomes, especially neurological injury at presentation. Only nine patients (27%) did not present with neurological deficits. The remainder had TBIs or SCIs of varying severity. Five patients (15%) with severe TBIs received no treatment and died 2 to 4 days after admission. The remaining patients were thought to have a meaningful chance of recovery: 23 underwent spinal fixation and five were fitted with an external orthosis. Fixation involved the placement of a Steinmann pin and sublaminar wires in 15 patients, 2 various screw-rod constructs in six, and autologous rib or split-thickness skull graft wiring in two. This study was performed with full approval of the institutional review board at St. Joseph's Hospital and Medical Center.
Results
The most commonly associated craniovertebral injury was atlantoaxial dislocation, which was found in 18 (55%) of 33 patients (Table 1) . Of the 24 patients presenting with neurological injuries, 10 had TBIs, six had SCIs, and eight had both ( Table 2 ). The severity of TBI ranged from a Glasgow Coma Scale score of 3 to 13. Initially, the severity of injury could not be assessed accurately in all patients because multiple traumatic injuries were present. Likewise, the severity of SCI could not always be assessed accurately due to brainstem dysfunction and concomitant TBI. The mortality rate was highest in patients presenting with a TBI. Although the mortality rate was lower in patients presenting with SCI, the rate of persistent neurological deficit was higher in this group during the follow-up period.
After the initial evaluation, 28 patients underwent treatment for their OAD. Five patients were treated with an external orthosis only, primarily because MR imaging had shown abnormalities of the occipitoatlantal ligaments where there were no grossly abnormal findings on CT scanning. Compared with the patients treated with an external orthosis, a higher proportion of those who underwent spinal fixation had abnormal CT findings (Table 3) . Based on CT findings, the most sensitive analyses were the BDI (sensitivity 77%) and BAI-BDI (sensitivity 73%). In all patients in whom CT scanning demonstrated normal findings, the diagnosis was delayed until MR imaging was performed. In all other patients, the diagnosis was based on the initial screening radiographs or CT scans.
The images in Fig. 1 demonstrate abnormal CT and MR imaging findings in a 17-year-old patient who underwent fixation without incident. The radiograph in Fig. 2 shows the postoperative results in the same patient. The images in Fig. 3 are representative of grossly abnormal MR imaging findings of the occipitoatlantal joints in a 10-year-old patient in whom CT findings were normal; the patient underwent occipitocervical fixation without complication. In a 9-year-old patient, grossly abnormal posterior ligaments (Fig. 4) were the only abnormal findings on both MR imaging and CT scanning. Because the joint space between the occipital condyle and atlantal lateral mass was normal, the patient was treated with an external halo orthosis only.
Postoperatively, five patients who underwent spinal fixation died (surgical mortality rate 22%); severe preoperative neurological injuries were the cause of death in three of these cases. The unexpected perioperative neurological deterioration in the other two patients contributed to their deaths. After Steinmann pin and sublaminar braided cable fixation, one of these patients deteriorated neurologically and was found to have sustained a superior cerebellar artery stroke. Postoperative angiography failed to demonstrate any vascular injury, such as vertebral artery dissection, and the cause of his infarct is still unknown. Subsequently, he suffered a severe brainstem injury due to compression and herniation, which were not relieved by decompressive craniectomy. He died after the family requested withdrawal of mechanical ventilatory support. On arrival at the hospital, the second patient in whom there was an unexpected neurological decline was moving all four extremities. After emergency intubation in the emergency department, however, she became tetraplegic. Immediately after intubation, CT scanning demonstrated the OAD. She was immediately fitted with a halo orthosis and taken to the operating room for occipitocervical fixation involving the placement of a Steinmann pin and sublaminar braided cables. Postoperatively, she remained completely tetraplegic and ventilator dependent. She requested that ventilatory support be withdrawn. Her request was honored and she died.
Follow-up data were available for 22 of the 23 patients who were treated and survived until discharge. The other patient was transferred to a care facility outside the country and was lost to follow up. The mean follow-up duration in the remaining 22 patients was 13 months (range 1-85 months). Nine of these patients presented with SCI: seven improved while the other two were unchanged (Frankel Grades A, B, C, and D in three, one, three, and two patients, respectively). Of these 22 patients, 10 presented with TBI, of whom the patient's status improved in six and remained unchanged in four (Glasgow Outcome Scale Score 2 in two patients, 3 in five, 4 in two, and 5 in one). Three patients complained of mild neck pain at the last follow-up examination, eight patients reported no pain, and the remaining 11 patients either could not be assessed or were not specifically queried about neck pain. There were no hardware failures in the patients treated surgically, and in all cases radiography demonstrated stable fusion constructs at final follow-up examination. Of the five patients who underwent external orthosis therapy, four were available for follow-up examination (the other patient was lost to follow up). In each case, the orthosis was removed and flexion-extension radiographs were immediately obtained to assess for craniovertebral instability, which was absent in all four patients. The orthosis was then removed.
Discussion
This series represents the largest series of survivors of OAD published to date. The accuracy of many accepted imaging methods to diagnose this injury varied significantly. Given reports of the incomplete sensitivity and specificity of different imaging criteria for the diagnosis of OAD, 14, 16, 26, 27 * BA = basilar artery; CVI = craniovertebral injury; EDH = epidural hematoma; FU = follow up; HD = hospital day; ICA = internal carotid artery; NA = not applicable; OC = occipitocervical; POD = postoperative day.
never be feasible because most of these methods rely on a particular orientation of the occiput relative to the atlantoaxial complex. In severe injuries, the occiput is highly mobile relative to the spine. Depending on this relationship at any given time, the orientations then can vary greatly when these diagnostic methods are applied to an individual. This reason underlies the ineffectiveness of the classification proposed by Traynelis and colleagues. 48 This classification is based on the relation of the occiput to the atlas, and the hypermobility present in many of these injuries can allow all three categories to be displayed in a single patient.
The occiput is attached to the rostral extent of the spinal column by the tectorial membrane, anterior and posterior atlantooccipital membranes, alar ligaments, apical ligament, and ascending band of the cruciate ligament and by the articulation between the occipital condylar joint and lateral masses of the atlas. 11, 43 For securing the occiput to the atlas the most important of these structures are the condylar joints, cruciate ligament, alar ligaments, and tectorial membrane. 11, 50 The alar, apical, and cruciate ligaments actually connect the occiput to the axis. Therefore, the axis is integral to the structural integrity of the occipitoatlantal articulation. In fact, the most commonly associated craniocervical abnormality in our patients was atlantoaxial distraction. These two abnormalities (atlantoaxial distraction and OAD) represent similar ligamentous abnormalities. Consequently, when spinal stabilization is planned in patients with OAD, the atlantoaxial articulation should be assessed carefully. 18, 21, 22 When OAD is complete, all of the aforementioned ligaments are disrupted. This disruption underlies the abnormal findings seen on imaging studies. Because the use of MR imaging for assessing traumatic spinal injuries has become common, the disruption of these ligaments in patients with OAD has been documented. 9, 10, 12, 24 Until the authors of a definitive study can correlate MR imaging abnormalities and instability in patients with OAD, however, the differentiation between biomechanically stable and unstable injuries and their appropriate treatment will remain uncertain. 47 The increased use of MR imaging to evaluate trauma raises the question of how to interpret abnormal findings in the occipitoatlantal region. Variability in the MR imaging findings observed in patients suspected of OAD is significant, and determining how to treat these injuries can be problematic. 24, 47 In all our cases in which the diagnosis of OAD was based on CT findings, the disruption of the occipitoatlantal joint was also shown on MR imaging. Because multiple factors point to gross instability, we strongly recommend surgical treatment in such cases. Treatment by external immobilization may be feasible in patients with marginally adverse findings (moderate to severe injury to posterior interspinous and atlantooccipital ligaments and mild to no injury to the joint space between the occipital condyle and atlantal lateral mass); however, the immobilization provided by halo fixation can be inadequate. 37, 46, 49 In a number of our cases the dilemma was how to treat patients with obvious occipitoatlantal joint disruptions but in whom CT measurements were normal. Because the consequences of not treating unstable injuries are severe, we favored an aggressive strategy and performed spinal fixation. Patients in whom the occipitoatlantal condylar joint exhibited mild or no abnormal MR imaging signal, in combination with abnormal posterior ligament and softtissue signal, were successfully treated with external orthoses alone. It could be argued that these patients do not need treatment, especially based on the inability of MR imaging to accurately predict cervical instability in traumatically injured patients. 28, 47 The potential consequences of not treating a patient with an unstable injury, however, may preclude ever obtaining a definitive answer to this question.
A classification recently proposed by Bellabarba et al. 4 helps in defining the stability of these injuries. Its major drawback, however, is the reliance on plain and dynamic radiography to determine spinal stability in questionable cases. In their series, furthermore, no lesions were reported that corresponded to a Stage I injury, and thus no direct evaluation of this classification scheme is available. We propose a very simple grading scale based primarily on MR imaging and CT evidence (Table 4) . Grade I injuries are indicated by normal CT findings in relation to established methods of diagnosis (the Power ratio, BDI, BAI-BDI, and X-line) but have moderately abnormal MR imaging findings (high posterior ligaments or occipitoatlantal signal). We support nonoperative treatment in patients with Grade I injuries. In cases of Grade II injuries there is a minimum of one abnormal finding on CT based on established diagnostic criteria or there are grossly abnormal MR imaging findings in the occipitoatlantal joints, tectorial membrane, alar ligaments or cruciate ligaments. In these patients, surgical fixation is the treatment of choice. Classically, OAD has been considered a lethal injury. Only slightly more than 100 patients have survived. 3, 18, 23, 26, [30] [31] [32] [33] 39, 41, 42, 44, 45, 47 The small number of reported survivors in conjunction with OAD's fatality rate of 19 to 30% suggests that the chance of surviving this injury is remote. 1, 6 The contemporary treatment of trauma patients-from the accident scene to the hospital-however, has enabled as many as 33% of these patients to survive after the injury. 20 Occipitoatlantal dislocation is most common in the pediatric population, 8, 29, 31 probably reflecting factors such as skeletal immaturity, the disproportionate size of cranium to spine, the more horizontal orientation of the condylar joint, and ligamentous laxity. 46 Likewise, in our series approximately 50% of the patients (17 cases) were 18 years of age or younger at presentation. However, our pediatric patients also constituted the majority of survivors (16 of 22 patients).
Occipitoatlantal injuries are often associated with TBIs or SCIs 8, 14, 15, 33 and with pseudomeningoceles or subarachnoid hemorrhage. 22, 35, 40, 42 Of our patients, 73% presented with a neurological injury, which led to death in nine patients. The initial presentation was the best predictor of subsequent neurological outcome. Most patients with severe neurological impairment made marginal recoveries. Several patients with severe tetraparesis, however, made remarkable recoveries, but no patients recovered significantly from complete tetraplegia. Because significant force is needed to cause an OAD, many patients have concomitant injuries that interfere with a doctor's ability to perform an adequate neurological examination. The complexity of the cervicomedullary junction neuroanatomy can also make neurological examination difficult in the presence of an SCI. A common manifestation of neurological injury involving the cervicomedullary junction is cruciate paralysis. 13, 34 The clinical presentation of cruciate paralysis is uni-or bilateral upperextremity weakness with less or absent lower-extremity weakness. The anatomical basis for cruciate paralysis is thought to be the medial-to-lateral representation of the upper extremities in relation to the lower extremities at the decussation of the corticospinal tracts in the medulla; however, this hypothesis has never been confirmed. 38 Because ventilatory support is needed in patients with a complete craniovertebral junction SCI, the chance of long-term survival is grim. In many of these patients, a concomitant brain injury can make it difficult to obtain an accurate assessment of the extent of SCI. Consequently, we recommend rapid stabilization of these injuries to prevent further neurological deterioration. The rate of significant neurological recovery after upper cervical cord injuries can be as high as 45%. 20 If there are any signs of spinal cord function below the level of injury, aggressive long-term stabilization is recommended.
Conclusions
The difficulty of establishing an imaging diagnosis of OAD has led to the use of multiple modalities to increase Even with optimum management of OAD, the best predictor of outcome is the severity of neurological injuries at presentation. In our series of patients, the presence of a severe TBI associated with brainstem dysfunction or a complete cervical injury at the craniovertebral junction universally led to poor outcomes. Patients with incomplete SCIs or less severe brain injuries, however, can improve after stabilization. Every effort should be made to treat these patients. Finally, patients with signs of instability and without neurological injury should undergo aggressive stabilization to prevent potentially devastating secondary neurological injury. 
